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We discuss a new method to search for a new very weakly interacting light boson with extremely
precise atomic spectroscopy, namely, the atomic clock. The contribution of the new physics may
appear as the violation of a linear relation of the isotope shift. We evaluated this effect with some
simple assumptions. Since the results still have disagreements with works by the other group, we
briefly mention some points which should be improved in the future.
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1. Introduction and results
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Figure 1: The isotope shift and other experimen-
tal constraints on the mass and the coupling of the
light vector. The red/blue lines and region are used
for the bounds with the isotope shifts by Ca+/Yb+.
The upper solid lines are the current experimental
bounds, and the lower ones are the future prospects
with the error of 1 Hz. The non-linearities by the
NLO field shifts appear in the shaded regions below
the dashed lines. The upper shaded orange regions
indicate the constraints obtained with the bounds on
the couplings of electron and neutron by low energy
experiments, see Ref. [1] for the details. The shaded
brown regions below about 500 keV is constrained
by the stellar cooling bounds given by Ref. [8]. As
described in Ref. [9], the stellar bounds have uncer-
tainty above the brown dotted line. The shaded gray
regions below about 100 eV are restricted by the fifth
force experiment [10, 11]. The black line in the right
panel stands for the region indicated by the Atomki
anomaly [12].
In low energy experiments, the very
weakly interacting light particles can give us
the signals similar to that given by the heavy
particle with O(1) couplings. Therefore, in
order to explain some low energy anomalies,
those light particles attract our attention as
well as the 10 TeV physics investigated by
LHC. As a possible new strategy to study the
very weak new force, we use the atomic clock
experiments which give us extremely precise
results on the atomic spectrum.
The isotopes basically posses the same
electromagnetic property. Tiny differences
come from the states of the nuclei. At the
consequence, the spectra are slightly different
i.e. so-called the isotope shift. The leading
contribution of the shifts preserves a linear re-
lation [2], the King linearity. However, new
physics effects do not have to do. Therefore,
the violation of the linear relation can be the
probe of the new physics. This possibility was
started to discuss by Ref. [3] and their follow-
up papers. They roughly estimated the new
constraints with their qualitative intuition and
numerical tools. We have quantitatively stud-
ied the same phenomena with some assump-
tions to simplify the calculation. A result of
our study is shown in Fig. 1.
In the rest of the article, we briefly intro-
duce what happens in the isotope shift and the
non-linearity following Ref. [1]. Compared
with the other works, we simultaneously point out what we should improve in the future.
2. A neat thing to do
The isotope shift δν for a transition can be given as
δν = Gδµ+Fδ 〈r2〉+X , (2.1)
where the first two terms are the leading contributions of the isotope shift, so called the mass and
the field shift, and X is the others including the NLO contributions and new physics effects. The
difference of the reduced masses and the mean square radii are given by δµ and δ 〈r2〉, respectively.
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The coefficients G and F depend on the wave function of each state in transitions. Using two
different transitions, we obtain
δν2
δµ
=
F2
F1
δν1
δµ
+G2− F2F1G1 +
1
δµ
(
X2− F2F1X1
)
. (2.2)
The plot of δν/δµ for several isotopes preserve the linear relation, unless X is not included.
We introduce the extra contributions in the isotope shift which are written as
Θ=
∫
dr r2
(
RN′(r)2−RN(r)2
)
VΘ(r), (2.3)
where RN is the radial wave function with the set of the quantum numbers N. If VΘ is the modi-
fication of the Coulomb potential for different isotopes, Θ is the field shift. Evaluating it with the
expansion of the wave functions, we obtain the Seltzer moment expansion [7]. The leading contri-
bution is Fδ 〈r2〉, and the rest is X in Eq. (2.1). The NLO field shift is shown in Fig. 1 1. If VΘ is
the Yukawa potential induced by the new force, Θ is the particle shift. We see some behaviours of
the particle shift below.
If the mass of the new boson is light enough, i.e., less than about 10 keV according to Fig. 1,
Eq. (2.3) is similar to the expectation value of the Coulomb potential. In this mass region, the
sensitivity to the coupling becomes flat because the value of the integration Θ saturates. We have
estimated the wave functions as the one-electron problem in the electron cloud. The cloud is
calculated by the Thomas-Fermi model. This treatment is much simpler than the other calculations
given by Ref. [4]. However, the obtained results are numerically similar.
We discuss heavy mediator which is heavier than the nuclear scale, namely, about several fm.
In this case, we can evaluate the integral with the expansion of the wave functions such as the field
shift. The expansion can be written with a notation as,(
RN′(r)2−RN(r)2
)
= ξ0 +ξ1r+ξ2r2 + · · · . (2.4)
The integration with the Yukawa potential and the term of rn gives us the new physics contribution
proportional to m−2−n, i.e., the leading contribution is proportional to m−2. However, this term
gives us term proportional to δ 〈r2〉 as the leading field shift. Then, its effect is absorbed in the
shift of F , that is, it does not violate the linearity. The next leading contribution seems to be the
term of m−3 as Ref. [4] has been stated. However, the wave function becomes flat at the origin if
we consider the volume effect of the nuclear charge distribution. Therefore, the leading effect to
violate the linearity appears as the term proportional to m−4. This means that the sensitivity to the
mediator heavier than about tens MeV rapidly gets worse.
Finally, we discuss the region between the above two. In this region, the wave function can
be estimated with the potential generated by the point charge. This means that the m−3 term given
by an s-state seems to be the leading contribution. In the atomic-clock experiments, the same s-
states are usually included in the transitions to draw the linearity plot. In this case, the contribution
trivially is cancelled. This disappearance of the s-state contribution also happens for the case that
1This is a different NLO effect discussed in Ref. [5]. The Standard Model effects have been originally studied very
well in Ref. [6].
1Any Higgs contribution cannot be seen in these experiments.
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just one s-state is included in the transitions. The leading contribution by p-states is the term of
m−4 which is shown in Fig. 1.
In the discussions above, we have not considered the relativistic effects. Since the typical
elements employed in the experiments are heavy atoms such as Ytterbium, the relativistic effect can
be large and change the qualitative properties of the discussions. The discussion in Ref. [5] includes
some details of the relativistic behaviour. Since the relativistic effect makes the incline of the wave
function steeper, they have concluded that the sensitivity to the heavier mass region become better
such as m−12. The results itself cannot be checked with our non-relativistic calculation. However,
it is worth considering the above cancellation of the s-state.
3. Conclusion
We discussed the possibility to probe the very weakly interacting light boson with the atomic
spectroscopy. Their constraints to the electron-neutron interaction can be stronger than the other
terrestrial experiments in the near future. In this article, we focus on the behaviour of the particle
shift. Our results still have some inconsistency with the other’s ones. In order to obtain more precise
results on the search potential and clarify the structure of this phenomena, we need to investigate
the details of relevant atomic physics.
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